The soxR and soxS genes of Escherichia coli control a superoxide response regulon that includes the genes for endonuclease IV (nfo), glucose 6-phosphate dehydrogenase (zwJ), Mn2+-superoxide dismutase (sodA) , and a paraquat diaphorase activity (1, 8, 16, 19) . The soxR and soxS genes are adjacent and produce divergent overlapping transcripts (19) . The SoxS protein belongs to the AraC family of one-component transcriptional activators, but it is much smaller than the other members of the family, lacking the region that would correspond to the sensor portion. In the two-component soxRS system, therefore, SoxR is probably the sensor. An essential region contains four cysteines that are candidates for involvement in a metal-complexing redox center (19) , and it has some homology to the MerR family of metal-binding sensor proteins (1) .
In many two-component regulatory systems, the sensor protein interacts with the regulator protein (10) . However, the soxRS regulon may function differently. We found that during induction of the regulon by paraquat (a superoxide generator), there is transcriptional activation of soxS itself (19) . This discovery suggested that the regulon might be induced in two stages (7): SoxR is first activated by superoxide (directly or indirectly) and enhances the production of SoxS, which then activates the transcription of the target genes. This would also explain why SoxR, which we assumed to be a sensor protein, contains a DNA-binding (helix-turn-helix) motif. The two-stage model was further supported by the work of Amabile-Cuevas and Demple (1) , who demonstrated that even in the absence of soxR, overproduction of SoxS from a foreign promoter could induce the regulon. However, the model demands one piece of crucial evidence that is lacking, namely, that soxR is required for the induction of soxS. For this and other genetic studies on * Corresponding author.
the roles of soxS and soxR and their interaction, a soxR null mutant would be needed. However, the only soxR mutants were either those having deletions that also affected soxS or those specifying a regulon-constitutive phenotype (1, 8, 16) . Of the latter type, those with known structures merely had deletions or insertions within the last 58 nucleotides, leaving intact the region encoding the four cysteines. Because of the lack of a soxR null mutant, we were limited to studying soxRS deletion mutants in which soxS was supplied by recombinant M13 plasmids (19) . This approach had several shortcomings. First, because of the divergent arrangement of the genes, the plasmid soxS gene might not function normally if it lacked possible regulatory regions normally present within soxR. However, such effects would be cis specific, and they could be ruled out if we had noninducible soxR and soxS mutants with which to perform reciprocal tranis-complementation experiments. A second problem was that of effects due to gene dosage. For example, introduction of a multicopy soxS plasmid into a soxRS mutant failed to restore inducibility of several target genes, but the cell still became resistant to paraquat (19) . Is soxR not normally needed for paraquat resistance, or can overproduction of SoxS compensate for its absence? A third problem was that of the instability and consequent copy number variation of the M13 plasmids used. For example, preliminaty results with plasmid soxR-lacZ gene fusions suggested a decrease in expression following induction, but we were not sure if it was merely the plasmid copy number that was being reduced.
To overcome these problems, we have generated a chromosomal soxR null mutation, relatively stable (pBR322-derived) soxR and soxS plasmids, and single-copy gene fusions. We use them to examine the role of soxR in the activation of soxS and induction of the regulon and to explore other possible interactions between the genes or their products. Cloning methods. General techniques for producing recombinant DNA were as described elsewhere (11) . Blunting the ends of the restriction fragments, when necessary, was accomplished with the phage T4 DNA polymerase or the Klenow fragment of E. coli DNA polymerase I.
Construction of soxR9::cat. The general methods used for the construction of the soxR9::cat allele were those previously detailed for soxR4::cat and zXsox-8::cat (16) . A 1.9-kb PstI fragment of plasmid pMOB02, containing a chloramphenicol resistance (cat) gene, was inserted into the EspI site in the soxR gene ( Fig. 1) contained in plasmid pIT15. The allele was then transferred to the chromosome by transformation of a recBC sbcB mutant with plasmid DNA that had been linearized by digestion with HindlIl.
Construction of gene fusions. Plasmid M13mpl9-R101 (Fig. 1) was digested with EcoRI and EcoRV to yield a fragment containing the outward-reading soxR and soxS promoters and truncated portions of both genes. To create a BamHI site at the EcoRV end, the DNA was ligated into plasmid pUC18 that had been digested with SmaI and EcoRI and then excised from the polylinker region with BamHI and EcoRI. The BamHI-EcoRI fragment was then cloned in the corresponding sites in plasmid vectors designed for operon and protein fusions. Pairs of vectors were used in which the cloning sites were in opposite orientation so that either the soxS or soxR promoter was joined to a lacZ sequence in each plasmid. The fusions were then transferred to XRZ5 by homologous recombination as previously described (16 (19) of the soxRS region showing transcripts (wavy arrows), open reading frames (ORF's) of soxR and soxS (solid bars), regions encoding helix-turn-helix motifs (H), and a region encoding four cysteines (C4). Coordinates are those of the published sequence (19) . Plasmids M13mpl8-H125 and M13mpl9-R1O1 were among those previously used for DNA sequencing and complementation analysis (19) . They have deletions (open rectangles) starting at nucleotides 213 and 823 which leave the adjacent restriction sites intact. The region from 0 to -0.1 kb represents a HindIII-PstI segment from the polylinker region of M13mpl9 linked to a PstIPvuI fragment of pBR322 (19) . a Derivatives of AB1157 were used for assay of nfo and zwf expression, whereas derivatives of BW828 were used for assay of sodA expression.
soxR and soxS plasmids were the pBR322 derivatives pWB33 and pWB31, respectively.
Enzymatic activities were divided by those of the corresponding uninduced, plasmid-free, wild-type strain and used as a measure of relative gene expression.
A value of 1.0 is equivalent to a specific activity of 4.7 U of endonuclease IV per mg of protein, t).12 U of glucose 6-phosphate dehydrogenase per mg of protein, or 2,010 U/A6CX) of 1-galactosidase (as expressed by the sodA'-'lacZ fusion).
d Growing cultures were divided in two parts. Paraquat was added to one (+PQ) and not to the other (-PQ). " ND, not determined.
The choice of the M13mpl9-R1I1 deletion and the EcoRV site were such that each translational fusion was in frame and produced a functional ,B-galactosidase. The vectors used and the corresponding recombinant prophages (Table 1) were as follows: pRS551, XJW1; pRS552, XJW2; pRS550, XJW3; and pRS557, XJW4. Enzyme induction and assays. Growing cells were treated with paraquat (0.2 mg/ml) and harvested after 1 h of exposure at 37°C (4) . Plasmid-bearing cells were grown in the presence of selective antibiotics. Assays for endonuclease IV (6), glucose 6-phosphate dehydrogenase (16), 3-galactosidase (9) , and protein (14) were performed as described.
RESULTS
A soxR null mutant. All of the existing chromosomal mutations that affected soxR alone were of the constitutive type (8, 16) ; i.e., they caused overexpression of the target genes of the regulon in the absence of inducer. Constitutive mutations could be produced by insertions and deletions that truncated the gene (1, 16, 19) . These mutations occurred distal to a region likely to be required for a sensor function-a region encoding 12 amino acids of which 4 are cysteines. Deletions that removed this region from an M13::soxRS plasmid destroyed its ability to complement a chromosomal soxRS deletion without affecting its ability to complement a soxS mutation (19) . Therefore, to generate a soxR null mutant, we produced an insertion proximal to this region. A choramphenicol resistance cassette was inserted into the EspI site in the soxR gene (Fig. 1 ) on a plasmid (see Materials and Methods). The insertion mutation (soxR9::cat) was transferred to the chromosome via transformation with linearized plasmid DNA and then transduced to other strains. Selection in each case was for chloramphenicol resistance. To test the mutation, we constructed pBR322-derived soxS+ and soxR+ plasmids, which could be propagated in the presence of selective antibiotics and should thus be more stable than the M13 plasmids (19) . The functionality and identity of the mutations and the plasmids were confirmed by complementation analysis (Table 2) . Although the insertion in soxR (soxR9::cat) was located upstream of the soxS promoter, it did not affect the expression of soxS; the soxR mutant was complemented by a plasmid bearing only soxR. Conversely, the soxS3::TnJO (null) mutation did not affect soxR function. The results indicated that the soxR gene (as well as soxS) is required for the paraquat-mediated induction of nfo, zwf, and sodA4.
Regulon activity in a sod4 mutant. The expression of sodA was measured in a strain bearing a sodA '-lacZ fusion in place of an intact sodA4 gene (Table 2) . In this strain, the soxR and soxS mutations affected the expression of sodA in the absence of paraquat. The uninduced sodA-directed 3-galactosidase activities were only 20 or 30% of that of the sox' control strain, and the levels were restored by introduction of the complementing plasmid. Therefore, in this host, which is a sodA mutant and may therefore have a high endogenous level of superoxide, sodA4 appears to be constitutively activated via the soxR and soxS genes.
soxR mediates paraquat resistance. One of the functions of the soxRS regulon is to maintain resistance to agents that generate superoxide via oxidative cycling. soxS mutants have an increased sensitivity to such agents (8, 16) , and some soxR mutants were selected on the basis of an increased resistance to menadione (8) . However, in a previous study (19) , we found cells lacking soxR that were nevertheless resistant to paraquat. They were deletion mutants missing the chromosomal soxRS region and containing an M13-derived soxS+ plasmid. The host strain was sensitive to paraquat and noninducible. Introduction of the multicopy soxS+ plasmid increased its resistance while not restoring the inducibility of nfo. Therefore, either soxR is not normally required for paraquat resistance in a wild-type strain, or the overproduction of SoxS by a multicopy plasmid eliminates such a requirement. To resolve this uncertainty, we used the soxR9: :cat mutation to produce a soxR-deficient cell that did not have multiple copies of soxS. Paraquat sensitivity was tested by growing the cells in a linear streak on the surface of agar medium containing a gradient of paraquat (Table 3 ). The soxR mutant had an increased sensitivity to paraquat, which was alleviated by a multicopy soxS plasmid. These results were consistent with those of the earlier M13 plasmid experiments (19) and indicated that whereas SoxR is normally required for paraquat resistance, the requirement can be obviated by overproduction of SoxS.
Expression of soxS and soxR. We had previously observed that the production of soxS mRNA increases after exposure VOL. 174, 1992 on October 29, 2017 by guest http://jb.asm.org/ " Sensitivity tests were performed on gradient plates (6) containing 1.5 mg of paraquat per 50 ml. In experiment 2, the medium also contained ampicillin at a uniform concentration of 50 ,g/ml.
" Bacterial strains were derivatives of AB1157. Plasmid pWB31.
of cells to paraquat, whereas the production of soxR mRNA appeared to be unaffected (19) . Preliminary experiments with protein fusions confirmed an increase in soxS expression (17) and suggested a decrease in soxR expression. However, the gene fusions were on multicopy plasmids, and it was possible that paraquat treatment might have affected plasmid copy number. To avoid this problem, we constructed X prophages bearing gene fusions. A 560-bp central portion of the soxRS region contained the truncated genes and their outward-reading promoters (Fig.  1) . It also contained 92 nucleotides upstream of the transcriptional start for soxR and 296 nucleotides upstream of that for soxS. It was subcloned in both orientations in protein fusion vectors resulting in in-frame gene fusions that produced SoxS'-'LacZ and SoxR'-'LacZ hybrid proteins.
The segment was also subcloned in both orientations in operon fusion vectors in which the truncated sox gene was placed upstream of an intact but promoterless lacZ gene that had its own ribosome binding site. Transcription of both the hybrid genes and operons would depend on the sox promoter. In addition, the protein fusions might help to detect possible translational regulation because they rely upon the sox ribosome binding sites. The gene fusions were tested for their inducibility in wild-type and sox mutant strains ( Table  4 ). The operon and protein fusions containing the soxS promoter were induced up to 47-and 100-fold, respectively, by paraquat. This induction occurred even in a soxS mutant, confirming an earlier result we obtained with an M13 vector (17) , and indicating that unlike that of the other genes of the regulon, the induction of soxS does not require an intact SoxS protein. ( We should note that the results do not rule out the possibility that the fusions or the soxS3::TnJO allele may specify a partially active truncated SoxS protein that might mediate its own induction.) However, the induction of soxS did not occur in the soxR9::cat (null) mutant. Moreover, the soxR4::cat mutant, in which the regulon is constitutively activated, had high levels of soxS expression even in the absence of paraquat. Therefore, the induction of soxS is mediated by soxR.
Lysogenization of the lac deletion mutant GC4468 with X prophages bearing soxR-lacZ operon and protein fusions led to an increase in 3-galactosidase activity from an initial level of 2.1 U to 57 and 9 U, respectively, indicating that the fusions were indeed functional. However, the data (Table 4) indicate that the expression of soxR, unlike that of soxS, was not significantly altered by paraquat treatment. The uninduced levels of expression of the soxR fusions were=only 10 aRelative specific activity is the specific enzymatic activity divided by that of the uninduced wild-type strain carrying the corresponding X prophage. A value of 1.0 is equivalent to 486 U/A600 for 1(soxS'-lacZ), 90 U/A600 for F(soxS'-'lacZ), 57 U/A600 for F(soxR'-lacZ), and 9 U/A6(00 for F(soxR'-'lacZ).
h Bacterial strains were derivatives of GC4468.
Cultures were divided in two parts, one of which was not further treated (-PQ) and one of which was exposed to paraquat (+PQ).
d The soxR4::cat mutation causes constitutive activation of the regulon (16) .
to 12% of those of the soxS fusions (Table 4 , footnote a), a result consistent with the previously noted disparity in the production of SoxR and SoxS (16) . (19) or ColEl (Table 2 and reference 16). It was possible that the levels of soxS in our plasmid-bearing cells (carrying perhaps no more than 30 copies of soxS per chromosome) were insufficient to induce the regulon. In fact, the gene fusion experiments (Table 4) suggested that transcription from the soxS promoter may increase up to 100-fold after induction. It was also possible that SoxS production may be controlled through the instability of protein or mRNA or through regulatory feedback, thus making it easier to demonstrate transient induction of the regulon by an induced expression vector carrying soxS than by constitutive induction of the regulon by multiple copies of soxS. To resolve these possibilities, we cloned the soxS gene in pUC18, a runaway ColEl-derived plasmid. In a sox-8::cat mutant of strain AB1157, which has a deletion encompassing both soxR and soxS, the recombinant plasmid (pWB34) caused an eightfold overproduction of glucose 6-phosphate dehydrogenase compared with that of the vector alone. These results are consistent with those of Amabile-Cuevas and Demple (1) and indicate that a constant high production of SoxS can activate the regulon even in the absence of SoxR.
To look for possible negative feedback of soxS expression, we introduced a soxS+ plasmid (pWB32) into strain GC4468(XJW1) which carries a soxS'-lacZ operon fusion. Its ,B-galactosidase activity (171 U) was 53% of that of a similar strain carrying pBR322. After induction by paraquat, 3-galactosidase activity in the two strains increased 32-fold and 40-fold, respectively. Thus, we failed to find any clear evidence of strong feedback control. Although the twofold differences between cells bearing pBR322 and pBR322-soxS a Strains used were derivatives of GC4468(XIT1).
" Plasmids were pBR322 and its derivatives pWB32 (soxS+) and pWB33 (soxR+). They were maintained in the presence of tetracycline at 30 pLg/ml. may suggest possible negative feedback, they are more likely to be the result of competition for SoxR between the plasmid and prophage soxS promoters.
Suppression of the soxR4::cat (regulon-constitutive) mutation by soxR+. Tsaneva and Weiss (16) found that plasmids carrying the soxRS region could partially suppress those soxR mutations that constitutively activate the regulon. It was not known, however, if the apparent suppression was due to the introduction of multiple copies of soxR+ or of soxS+. Insertions of Tnl000 into the plasmids could abolish the suppression, and these appeared to be within soxR or the region of soxS that is overlapped by the soxR transcript. However, because of the arrangement of divergent genes and their convergent promoters (Fig. 1) , it was not known if Tn1000 insertions in one gene were affecting the expression of the other. Therefore, we decided in further experiments to use stable plasmids carrying only one cloned gene. pBR322 derivatives containing only soxR or soxS were introduced into a soxR4::cat mutant that manifested a threefold constitutive overexpression of nfo ( 
DISCUSSION
The results of this investigation, together with previous ones (1, 19) , support the conclusion that soxRS regulon is controlled by a two-component, two-stage system (Fig. 2) . In the first stage, SoxR is activated by superoxide (or some product thereof) to stimulate the transcription of soxS. In the second stage, SoxS activates the transcription of other target genes. To verify this model, we produced a soxR null mutant and found that soxR is normally required for paraquat resistance and for the induction by paraquat of soxS, nfo, zwf, and sodA. The soxR mutation did not appear to affect the adjacent soxS gene; it was complemented by plasmids containing only soxR. That induction requires soxR is consistent with our earlier finding that a functional soxS+ plasmid could not restore the inducibility of nfo in a soxRS deletion mutant (19) .
In two-component regulatory systems, one protein is usually the regulator and the other is the sensor (10) . The role of soxS as a positive regulator was indicated by the noninducibility of a soxS insertion mutant (19) , the homology between SoxS and the AraC family of transcriptional activators (1, 19) , and the induction of the regulon through overproduction of SoxS (reference 19 (19) , sparing the region encoding the cysteines. soxR and soxS are adjacent genes that are oriented divergently (Fig. 1) . Their transcription is initially convergent, and their transcripts overlap. As reviewed by Beck and Warren (2) , these patterns are common among regulatory genes. Convergent transcription is often accompanied by reciprocal expression so that when one gene product increases, the other decreases, although the mechanism of this regulation is not necessarily at the level of transcription. We were not able, however, to find a decreased expression of soxR after induction under conditions in which soxS expression was increased. We failed to see such a change when we used operon or protein fusions as indicators of expression or previously when we examined soxR mRNA by hybridization (19) . It is possible that when we deleted a portion of the gene during construction of the fusions, we obliterated some regulatory site. It is hard to believe that the location of the soxR promoter within soxS and 220 nucleotides upstream of soxR has no regulatory purpose. However, given the relatedness of many regulatory proteins, that purpose may have been lost during evolution. The final answer must come from actual measurement of SoxR and SoxS proteins after induction.
The genes of the regulon appear not to be induced uniformly. When a pBR322-soxS plasmid was introduced into a VOL. 174, 1992 on October 29, 2017 by guest http://jb.asm.org/ Downloaded from 3920 WU AND WEISS soxR mutant, the cell acquired resistance to paraquat (Table  3 ) without a marked increase in the expression of nfo, zwf, or sodA (Table 2) . Because the regulon comprises functions that protect against superoxide (e.g., superoxide dismutase) as well as those than enhance its production (e.g., paraquat reductase), it is to be expected that protective functions may be induced first. The sequential induction of regulatory genes, by analogy to viral systems, may have as its purpose the temporal regulation of a multigene response. It is possible, therefore, that soxR alone may regulate some unknown early genes in addition to soxS. The soxR null mutation will enable exploration of this possiblity.
Even in the uninduced cell, there is much less SoxR protein than SoxS; it is barely detectable in maxicell experiments (16) . In two-component regulatory systems, it is common for sensor proteins to be made in smaller amounts than the transcriptional regulators. It has been postulated (10) that this arrangement reduces cross talk among members of the same protein family. In the case of SoxR, our results hint at another reason. We found that the wild-type gene suppresses a mutation that specifies constitutive activation of the regulon, suggesting that the wild-type protein competes with the mutationally activated one. If there is similar competition between native SoxR and its superoxideactivated form, then for maximum sensitivity, the cell should produce as little SoxR as possible, but an inducer would then generate only a small signal that would nevertheless have to affect many genes. Therefore, the signal is amplified via an intermediate step, the induction of soxS.
